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ABSTRACT 
The use of various dyestuffs has brought essential colours into our lives. 
However, at the same time, the dyestuffs also cause serious environmental pollution. 
Biodegradation is a newly developed approach besides physical and chemical methods 
to counteract the above problem. Nevertheless, the present studies on dyes 
biodegradation are mainly focused on azo dyes while other dyes such as the indigoid 
dyes are neglected. Indigo is a dye commonly used in textile industry for denim 
products. Yet, there is not a single report about its biodegradation for the past 20 
years. In this study, indigo carmine is used as a model compound for the analysis of 
the biodegradation of indigoid dyes. 
A number of strains had been isolated from the industrial area seriously 
contaminated with dyestuffs. These strains were able to decolorize indigo carmine on 
screening plate of the Isolation Medium (I.M.). Among them, six strains with the 
highest decolorization ability were identified. They included three Bacillus species, 
two Micrococcus species and one Agrobacterium species. Micrococcus sp. H-12 was 
chosen for further detailed characterization. 
The decolorization ability was found to be inducible by the presence of indigo 
carmine. Micrococcus sp. H-12 had optimum growth and decolorization at the 
temperature of 37°C and pH of 6.5. Although the growth of strain H-12 in static 
culture was slower than in the shaking culture, the decolorization ability in static 
culture was much higher in terms of specific activity. At the peak of activity, the 
difference was six times higher in the static culture. 
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Strain H-12 had a better metabolic ability on complex carbon sources over the 
organic salt. Growth and decolorization of indigo carmine were the best when 
tryptone was supplied as the carbon source while growth was limited in the cases of 
acetate and citrate. Although indigo carmine did not seem to be able to serve as 
carbon source, it could promote growth when ammonium chloride was removed from 
the I.M. medium. 
Indigo carmine was found to have minimum inhibitory effect to strain H-12. 
Substantial growth could be maintained in a concentration of indigo carmine up to 500 
ppm. 
The resting cells of strain H-12 were also characterized. The decolorization 
ability was the highest when the incubation temperature was 3 7 a n d pH was 4.0. 
There was no great difference between shaking and static condition during incubation� 
The degradation products of indigo carmine by strain H-12 had been isolated. 
There were two spots detected on the TLC plate under UV light. One of them was 
a major component and was purified by silica gel column. This purified component 
was analyzed by nuclear magnetic resonance (NMR) and mass spectrometry. 
Although there was not a conclusive chemical structure, the results indicated that this 
component was probably an aromatic compound with molecular weight of 149. This 
suggests that the degradation mechanism may involve a cleavage of the carbon-carbon 




Colour seems to be indispensable to human life. The use of colorants can be 
traced back to prehistoric time. Cavemen decorated their walls with fascinating 
colours. Ancient Egyptians, Greeks and Romans had tried great efforts to produce 
different colours from various sources. Until the end of the nineteenth century, all the 
colorants were derived from natural sources. The majority were of botanical origin. 
The sources included plants, trees and lichen. 
William Henry Perkin's discovery of the first artificial dye, mauveine in 1856 
was really a great breakthrough in dyestuff industry (Gordon and Gregory, 1983). He 
derived it from aniline. Within one year, the manufacture was put in a commercial 
scale. Since then, with the light shed by the development of organic chemistry, there 
was a vigorous study about the synthetic organic colorants. In the third edition of 
Colour Index (Allen et al., 1971)，the number of dyes and pigments was nearly 
40,000 and the number would continue to increase in the future. 
n . Classification of dyes 
With the vast number of dyes, there is no single classification system that is 
comprehensive enough. Nevertheless, the dyes can be generally classified according 
to their uses or chemical structures. If the dyes are classified by the chromophores, 
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Figure 1: Classification of synthetic organic colorants by 
chromophores. (Meyer, 1981) 
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the chemical structure responsible for the characteristic colour of the dyes. Figure 1 
has showed the major classes of dyes. Chromophores are usually involved in the 
biodegradation of dyes but whether they play a key role in biodegradation is not 
certain. 
HI. Adverse effects of dyes in the environment 
The impact of pollutants to our environment has been a concern for long 
times. Many different systems have been studied for more efficient and effective 
measurement and control of the pollutants. In 1979, U.S. Environmental Protection 
Agency had published a list of 129 priority pollutants (Keith and Telliard, 1979) 
which became an important guildline for the industrial wastewater discharge. The 
environment impact of textile wastewater had been subjected to thorough assessment 
(Goodson, 1979; Gallup, 1979). In a survey of 151 dyes, seven priority pollutants 
were found to be present in amounts over 0.1 % including three metals and three 
biocides in 31 dyes (Homing, 1979). In 1988, another list of colorants which 
classified as toxic on the basis of acute peroral LD50, according to the criteria of the 
EEC 6th amendment, was released (Anliker et al.，1988). 
A. Release of dyes into the environment 
Dyestuffs are discharged into the environment during production and 
processing as well as disposal of the used products. In the textile industry, over 10% 
of total amount of dyes is estimated to be lost during production and processing. In 
1978，the total loss of textile dyestuffs was about 43,000 tonnes. This huge amount 
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of dyestuffs pollutants had found their way into our environment. 
B. Toxicity to fish and mammalians 
The majority of dyes on sales had been tested for toxicity to fish. They were 
found only slightly poisonous. In a survey of over 3,000 commercial dyestuffs, about 
98% had LC50 values greater than 1 mg/1. Of the 2% of the dyestuffs with LC50 
values smaller than 1 mg/1, 27 different chemical structures were found including 16 
basic dyes and 10 triphenylmethane dyes (Holme, 1984). Little and Lam had 
conducted another study on Primephales promelas and showed that the LC50 was 
above 180 ppm for 29，between 1 and 180 ppm for 15 (Anliker, 1977). Only two out 
of the forty-six dyes being tested had a LC50 below 1 ppm. They were methyl violet 
(C.I. Basic Violet 1) and malachite green (C.I. Basic Green 4) with LQo of 0.05 ppm 
and 0.12 ppm respectively. These two dyes were cationic dyes which constituted the 
majority of dyes toxic to fish. The cationic dyes (benzidine dyes and triphenylmethane 
dyes) was found to be almost as toxic as pesticide to freshwater fish. Different species 
of fish did not generally exhibit major difference in the sensitivity to the dyestuffs. 
The factors for the assessment of the toxicological risks of dyestuffs include 
: the total exposure potential, the seriousness of the toxic effect and the chance of 
occurrence. Studies of the adverse effects to dyes to mammalian indicated that the 
dyestuffs are of generally low acute toxicity with LD50 seldom under 250 mg/kg. 
Anliker et al. (1988) had published a list of toxic colorants based on the acute oral 
toxicity test on rat. There were 12 toxic dyes with LD50 under 250 mg/kg. Among 
the numerous dyes, the benzidine dyes could cause chronic toxicity to man. Benzidine 
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and some of its derivatives were found to be carcinogenic (Meyer, 1981). Some 
benzidine-based dyestuffs were found to cause preneoplastic hepatic lesions in rats. 
Contact dermatitis or skin sensitization effects had been also reported for dyestuffs 
industi7 worker of some specific dyestuffs as well as consumers after exposure to 
dyed fabrics (Clarke and Anliker, 1980). 
C. Toxicity to microorganisms 
Inhibitory effects of dyes to microbial activity and growth usually exist only 
at particularly high concentration. However, some cationic dyes, mostly 
triphenylmethanes are inhibitory to microbial populations even at a low concentration. 
Various studied had been conducted to test the inhibitory effects of various dyes to 
different microorganisms (Fung and Miller, 1973; Michaels and Lewis, 1985; Ogawa 
et aL, 1988). 
Fung and Miller (1973) had tested the effects of 42 dyes on the growth of 30 
bacteria on solid medium. The results indicated that many available dyes were 
inhibitory to specific bacterial groups. In the study about the toxicity and sorption of 
five azo and triphenymethane dyes to freshwater microbiota by Michaels and Lewis 
(1985)，some were to be highly toxic. Among them, basic violet 3 which had long 
been used as inhibitory agents in microbiology, was the most toxic with a mean 
survival rate of 20.7±6.57%. 
Inhibitory effects of dyes to the activated sludge microorganisms had also been 
determined (Yonezawa and Urushigawa, 1977). A number of azo compounds had 
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been assessed in the study. The results showed that some of them were inhibitory and 
aminoazobenzenes exerted a strong inhibition effect. The inhibition effect of these azo 
compounds on activated sludge microorganisms was suggested to be related to the cell 
membrane permeability. 
In another study performed by Brown et al. (1981), the inhibitory effect of the 
dyestuffs on the activated sludge was assessed by the measurement of the respiration 
rate. This large scale screening test had included dyes from various dyes classes e.g. 
azo, disazo, polyazo, anthraquinone, triarylmethane, oxazine, xanthene and 
phthalocyanine. Among the 202 dyestuffs tested, about 10% showed an inhibitory 
effect in such a concentration that likely to reach a sewage treatment plant. Of these 
dyestuffs, 18 showed an IC50 of less than 100 mg/1 including 3 with an IC50 of 
between 1-10 mg/1. 
However, some studies indicated the possibility that the inhibitory effects 
could be significantly lowered by acclimation (Idaka et a/., 1985; Ogawa et a/., 1981). 
D. Colour contamination 
Besides the toxicity to living organisms, the colour imposed by the dyestuffs 
are often objectionable to the public. The coloured wastewater would normally be 
observable at the level of 1 mg/1. This level is unacceptable for natural water in 
asethetic grounds. Different dyestuffs are easily deposited on the sediment of water 
courses. This situation is especially serious in the case of insoluble dyes. The colour 
contamination may hinder the penetration of light into the water and hence cause 
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adverse effects to the aquatic life. 
rV. Dyes removal by physical and chemical treatment processes 
Untreated effluent is frequently discharged from the dyestuff factories. Chung 
et al. (1981) had tested for the mutagenicity of 17 commercial used dyes and 16 of 
their metabolites or derivatives by the 5<2/m6>^^//a-mammalian microsome 
mutagenicity test. Many of them were found to be mutagenic. In addition to the toxic 
substances, the effluent is highly coloured and objectionable. The effluent thus, has 
caused a severe environmental problem and more efficient and effective treatment 
processes are in urgent need. 
Conventional physical and chemical treatment processes to tackle the dyes 
pollution include adsorption on activated carbon, resin adsorption and ion exchange, 
precipitation and flocculation using lime and alum, and ozonation (Davis, 1991; 
Netzer et al., 1976). 
Activated carbon seems to be suitable for removal of acid, basic and reactive 
dyes. However, a significant portion of the pore space was proved to be inaccessible 
to individual dye molecules. (Tarasevich et al., 1988). In addition, activated carbons 
are costly materials. Ion-exchange resins have been used to remove anionic and 
cationic dyestuffs. However, dyestuffs mixture recovery is normally not economic and 
the disposal of the desorbed materials would impose additional cost. Chemical 
precipitation are capable to remove certain dyes. Nevertheless, the chemicals are 
expensive in long-term running and the dosage must be carefully monitored to avoid 
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additional chemical pollution. Of the chemical processes for dyes removal, ozonation 
has obtained the greatest practical success. However, a large amount of ozone is 
necessary in order to achieve an extensive degradation of the dyestuffs and so the 
process would become too costly for large scale operation. 
More advanced treatment processes are actively investigated. These methods 
includes adsorption using new materials such as maize cob (El-Geundi, 1991), 
electrochemical treatment method in the presence of chlorine ions (Yakovlev et al.， 
1988)，chemical precipitation using aniline and formaldehyde (Filippov et aL, 1988) 
and r-radiation induced oxidation of dyestuffs. These methods are still in the 
experimental stage but have not obtained any practical significance yet. 
V. Biodegradation as anti-pollution measure 
As we can see, physical and chemical treatment process usually require a high 
operational cost both in terms of materials and energy consumption. The disposal of 
the concentrated pollutants may impose another problem. Furthermore, these abiotic 
methods are not effective in such a low pollutants concentration as normally found 
in the sewage. Biodegradation of chemical wastes using microorganisms seems to be 
a potential and promising alternative (Ghisalba, 1983). There are numerous reviews 
to discuss the possibility of the use of microorganisms in cleaning our environment 
(Alexander, 1981; Atlas, 1981; Finn, 1983; Kobayashi and Rittmann, 1982; Patterson 
and Kodukala, 1981; Wallnofer and Engelhardt, 1984). Studies have been carried out 
about the biodegradability of the pollutants compounds (Tabak et al., 1981; Robra, 
1986) and the correlation between biodegradation rate and the chemical structure as 
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well as the chemical concentration and environment (Lee et al., 1980; Hicks et al., 
1990; Painter and King, 1985; Wang et al” 1985). The isolation of the desirable 
degrading strains becomes a popular interest (Cook et al.，1983; Leisinger, 1983). 
• V� 
Treatment of dyeing waste from factories is a major concern of the 
environment microbiologists (Straley, 1984). As there are few reports about the 
accumulation of large quantities of dyestuffs in the global environment, it seems very 
probably that microbial removal of dyestuffs by biodegradation exists. With much 
efforts devoted, many different microorganisms have been isolated to degrade a 
number of dyes (Bumpus and Brock, 1988; Chung et al., 1978; Cripps et al.，1990; 
Glenn and Gold, 1983; Idaka^r al, 1978; Kulla，1981; Kwasniewska, 1985; Ogawa 
et al., 1988; So, 1989). 
A. Removal of dyes by activated sludge 
Dye removal by activated sludge is primarily elicited by adsorption onto the 
biological sludge solid. However, biodegradation also exists. Shaul et al. (1991) had 
followed the fate of 18 water soluble azo dyes in the activated sludge process. They 
discovered that 11 compounds were found to pass through the activated sludge 
process substantially untreated, 4 were significantly adsorbed and 3 were apparently 
biodegraded. 
Kanekar and Samaik (1991) had established a laboratory-scale activated sludge 
process to reduce the pollution load of a dye-industry waste containing aniline, 
phenol, methyl violet and rhodamine B as the major compounds. A microbial sludge 
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adapted to the waste and used as a bioinoculum. The results showed a significant 
decrease in the optical density of the colour of the waste from an initial 0.915 to 
0.360 at 580 nm. Microorganisms isolated from sludge were identified as 
Pseudomonas alcaligenes and P. mendocina. 
Idaka et aL (1985) had studied specially the removal of congo red, orange II 
and crystal violet by acclimated activated sludge. Data revealed the improvement of 
removal capability of the activated sludge by repeated culture. 
Pagga and Brown (1986) had tested 87 dyestuffs in short-term aerobic 
biodegradation tests. In their study, typical commercial products were used instead 
of relatively simple dyestuff model compounds as in many other studies. There was 
substantial colour removal for the majority of the dyestuffs tested. Of them, seven 
dyestuffs indicated a simultaneous drop in both decolorization and DOC (Dissolved 
Organic Carbon). Thus, they were classified as the "possibly biodegradable" 
category. 
Urushigawa and Yonezawa (1977) began an investigation very early to deal 
with the relationship between the biodegradation of azo compounds by activated 
sludge and their molecular structure. The experiment came up with the discovery that 
hydrogen-, chloro-, methyoxyl- and nitro derivatives other than methyl derivatives 
were difficult to be decolorized, but only amino and hydroxyl derivatives were 
decolorized. 
Besides the aerated activated sludge processes, the anaerobic treatment 
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received equal attention. Manulyak et al. (1987) had suggested the use of anaerobic 
bioreactor which contained immobilized anaerobic microorganisms. Time of retention 
of the waste water in the bioreactor was 48 hours. Destruction of the dyes, which was 
indicated spectrophotometrically, could reach 87%. 
Yang (1990) had developed the Anaerobic-Aerobic-Biological Carbon 
Treatment Process which showed high operative efficiency. This process had been put 
in the pilot scale test in several dyeing mills for several years. The quality and 
quantity of the wastewater was first regulated in the regulating tank. Then the 
anaerobic tank was used to change the organic substance with long chains into 
chemical substances with short chains which were degraded by microbes in a contact 
oxidation tank. Some were assimilated as nutrient by the microorganisms. Finally, the 
remaining substances were removed by the joint reaction of microbes and activated 
carbon in the bio-carbon tower. The dyeing wastewater after this treatment had a 
significant drop in BOD5 from 120-190 mg/1 to 2-5 mg/1 as well as a 10 fold decrease 
in colour. 
In order to optimise the efficiency of the activated sludge processes, the 
biodegradability characteristic of the process has been studied. Such Studies are 
important to evaluate and compare the biodegradaWlity potential of facilities 
discharging similar waste effluents (Brown and Weintraub, 1982). 
B. Degradation by pure culture 
With regard to the studies of degradation by pure culture, azo dyes are the 
11 
class that are the most intensively investigated. It is because azo dyes share a large 
portion of the dyestuffs market and are popularly used in different fields. Therefore, 
the azo dyes will be used as typical example to illustrate the studies of dyes 
biodegradation in the following discussion. Pure culture study began as early as 1937 
when decolorization of azo dyes was found in spoiled dairy products. Since then, the 
investigation of azo dyes degradation has been active. 
1. Degradation of azo dyes by pure culture 
Degradation of azo dyes has been demonstrated in various source including 
intestinal microflora, liver enzymes and bacteria from environment. Chung et al, 
(1978) had carried out a study of reduction of seven azo dyes by cell suspension of 
predominant intestinal anaerobes. The activity was optimal at pH7.4 in 0.4 M 
phosphate buffer but inhibited by glucose. In one of the strains, Bacteroides 
thetaiotaomicros, flavin mononucleotide could cause a significant enhancement of azo 
reduction. Brown (1981) tried to evaluate the data on the reduction of high-molecular-
weight polymeric azo and nitro dyes by intestinal bacteria and their enzymatic 
extracts. He found that the oxygen sensitive reduction of such dyes appeared to be 
mediated by low-molecular-weight electron carriers. 
Many other microorganisms have been isolated from the polluted environment 
by dyestuffs. Bacillus subtilis (IF0322), a bacterial inhabitant in the activated sludge, 
was found to be an azo-assimilating bacterium (Ogawa et aL, 1988). Idaka et aL 
(1978) had isolated Aeromonas hydrophila var. 24B from the draining ditches of 
dyestuff factories. This strain was able to degrade a number of azo compounds but 
12 
the growth was inhibited by adding dyes. Aniline and p-phenylenediamine were 
obtained as the products of reduction cleavage of aminoazobenzene. So (1989) had 
screened the strict aerobe Acetobacter liquefaciens which could degrade methyl red 
into anthranilic acid and N，N'-dimethyl-p-phenylene. 
The group of Ogawa had isolated some microbial strains in the sludge from 
the sewage discharged form azo dye factory (Idaka et al.，1987b). These strains were 
able to assimilate the azo dyes. Among them, strain 13NA was identified as 
Pseudomonas cepacia. It was then named as Pseudomonas cepacia 13NA. Its 
reductive metabolism of aminoazobenzenes and the oxidative pathway that followed 
had been thoroughly studied (Idaka et al•，1987b; Idaka et al., 1987c) 
Kulla (1981) and Kulla et al. (1984) had tried to alter the substrate specificity 
of the azo-dyes assimilating strains. They had firstly isolated a microorganism form 
soil that grew with a simple azo compound (4,4' -dicarboxyazobenzene, DCAB) as 
sole carbon, nitrogen and energy source. This strain was tentatively identified as 
Flavobacterium sp. It degraded DCAB into 4-aminobenzoate. Kulla tried to develop 
the degradative ability towards more complicated azo dyes of Orange I and Orange 
II types by means of continuous culture. Growth in the chemostat was limited by 
DCAB while carboxylated orange I and carboxylated orange II were added in excess. 
After hundreds of generations, strains which grew with carboxylated Orange I and n 
as sole carbon, nitrogen and energy source were developed. The evolved strains were 
highly substrate specific. 
In further experiment, the corresponding sulfonated dyes of Orange I and 
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Orange II were added in excess in the chemostat. However, only cometabolism was 
observed. The degradative ability of carboxylated Orange II seemed to be located on 
the plasmid since, when carboxylated Orange Il-positive stains were grown for 10 
generations in nutrient broth at 40°C, more than 99% of the progeny had lost the 
degradative ability irreversibly. 
Although the majority of azo-dyes degrading microorganisms isolated are 
bacteria, there are also reports about fungal degradation of azo dyes. Cripps et al, 
(1990) had demonstrated the aerobic biodegradation of three azo dyes: Tropaeolin 0， 
Congo Red and Orange II by the white rot fungus, Phanerochaete chrysosporium. 
The decolorization of three dyes was the most extensive in ligninolytic cultures. 
Nevertheless, substantial decolorization could also be observed in nonligninolytic 
cultures. The mechanism of decolorization was closely related to the lignin-degrading 
system of the white rot fungus. Incubation with crude lignin peroxidase resulted in 
decolorization of Orange II and Tropaeolin O but not Congo Red. This indicated that 
other enzymes system other than lignin peroxidase may be involved in the first step 
of the degradation of azo dyes. 
2. Metabolic pathway of azo dyes biodegradation 
As early as 1911, sulphanilic acid had been found in the urine of dogs fed 
with Orange 1. Thus, it was firstly suggested that the initial step of degradation of azo 
dyes involved the reductive cleavage of the azo group. Later, azo reductase activity 
was demonstrated to active in the liver as well as the microflora of the gastro-
intestinal tract. For food dyestuffs, as they are generally water-soluble, sulphonated 
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acid dyestuffs, there is little adsorption along the gastro-intestinal tract. Therefore, 
the gut microflora were believed to be more important than the liver reductase system 
in metabolizing the azo dyes. 
• 
Idaka et al. (1987b) had described the reductive and acetylating pathways of 
aminobenzenes for Pseudomonas cepacia 13NA. The metabolism of 
aminoazobenzenes by resting cells of P. cepacia 13NA was supposed to cause 
reductive cleavage of the azo bond and then the acetylating amine. Part of the 
aminoazobenzenes was also acetylated and the acetamidoazobenzenes so formed was 
subjected to reductive cleavage in the same manner of aminobenzene. For further 
studies, the oxidative pathway was discovered after the reductive cleavage of the azo 
bond (Idaka et al., 1987c). The metabolism identified included o-aminophenol, m-
and p-acetamidophenol and 3,4-dihydroxyacetanilide. 
Idaka et al. (1978) tried to extract and identify the degradation metabolites of 
p-aminoazobenzene by Aeromonas hydrophila var. 24B. Aniline and p-
phenylenediamine were obtained as the products of reduction cleavage of p-
aminoazobenzene. The yield of p-phenylenediamine was relatively low compared with 
that of aniline. This was possible due to the further metabolism of p-
phenylenediamine. 
Kulla (1981) had demonstrated the degradative pathway of 4,4'-
dicarboxyazobenezene by Flavobacterium sp. (later confirmed to be Pseudomonas 
sp.). The degradation products were 4-aminobenzoate. 
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The reductive cleavage of the azo bond is characteristic of the metabolism of 
azo dyestuffs. The azo linkage is reduced to form aromatic amines which can be toxic 
and carcinogenic. Biodegradation of azo dyes can occur in both aerobic and anaerobic 
system； However, the consequences are not the same. Under anaerobic condition, the 
decolorization is rather easy and it is elicited by a number of microorganisms through 
non-specific enzymes. The process usually come to a metabolic standstill and the 
accumulation of aromatic amines would be resulted. On the other hand, degradation 
under aerobic condition is accomplished by enzymes with high substrate specificity 
and the process can lead to complete metabolism of the products. 
3. Enzymology of azo dyes metabolism 
With regard to the enzymology of azo dyes biodegradation, the enzyme, 
azoreductase, has been confirmed to be responsible for the initial reductive cleavage 
of the azo bond. A highly purified cytosolic azoreductase isolated from the livers of 
3-methylcholanthrene-treated rats had been characterized by Huang et al. (1979). 
Anaerobic titration of the enzyme with NADPH as the electron donor indicated that 
one mole of enzyme can accept 4 reducing eq, or 2 electrons/mole of enzyme-bound 
FAD. This enzyme catalysed the reduction of methyl red under anaerobic conditions. 
Two moles of NADPH were required for the reduction of 1 mole of methyl red. 
Dicumarol strongly inhibited the azo reductase-catalysed reduction of methyl red. It 
inhibited the reaction by interfering with electron transfer form NADPH to enzyme-
bound FAD. The purified azoreductase from rat liver seemed to be identical with rat 
DT-diaphorase. 
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Zimmermann et al (1982) had reported the successful purification of Orange 
II azoreductase from Pseudomonas species strain KF46. This azoreductase was 
induced 80-fold by both Orange II and carboxyl-Orange II. Through two successive 
runs of affinity chromatography using two chromatographic media with different 
triazinyl dyes as ligands, the enzyme was purified 120-fold with 43% yield. The 
purified enzyme was a monomer with a molecular weight of 30,000. Its Km values 
were l.SfiM for NADH. Studies on the substrate specificity revealed the following 
features: 
(a) a hydroxyl group in the 2-position of the naphthol ring is required; 
(b) Charged groups in proximity to the azo-groups and a second polar substituent 
on the dye molecule hinder the reaction; 
(c) electron withdrawing groups on the phenyl ring enhance the reaction rate. 
Later，Zimmermann et al, (1984) reported the purification of another closely 
related azoreductase, Orange I azoreductase of Pseudomonas strain K24. It was 
purified 80-fold with 17% yield to electrophoretic homogeneity. When compared with 
the Orange II azoreductase, they shared some common properties including 
monomelic structure, their specificity for NADPH and NADH as cofactors, the range 
of their Km values for substrates and cofactors as well as reactivity towards a series 
of substrate analogs. However, they differed in molecular weight (21,000 and 30,000) 
and the position of hydroxyl group on the naphthol ring. Although these two enzymes 
did not exhibit immunological cross-reaction with each other, material which cross-
reacted (CRM) with both anti-Orange I and anti-Orange II azoreductase serum had 
been found. The CRM may be a precursor protein of these two azoreductase. 
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Idaka et al. (1987a) purified an azoreductase produce by Pseudomonas cepacia 
13NA. This enzyme showed an optimum temperature of 37°C and an optimum pH 
of 6.8-7.0. The degradation required NADPH or NADH as cofactors but NADPH 
was more effective. 
4. Biodegradation of other dyes 
Compared with azo dyestuffs, these are relatively few literature concerning the 
biodegradation of dyes in other classes. Glenn and Gold (1983) examined the 
polymeric dyes Poly B-411, Poly R-481 and Poly Y-606 in lignin biodegradation 
assays. The decolorization of these dyes by the white rot basidiomycete. 
Phanerochaete chrysosporium occurred during secondary metabolism and was 
suppressed in the presence of a high nitrogen level. The process was strongly 
dependent on the oxygen supply. Inhibitors of lignin degradation also inhibited dyes 
decolorization. Pleiotropic mutant lacking ligninolytic activity was not able to 
decolorize the polymeric dyes. All these results suggested that the ligninolytic 
degradation activity was responsible for the decolorization. 
The white rot fungus，P. chrysosporium was subjected to test for degradative 
ability of other dyes classes. Bumpus and Brock (1988) tested the biodegradation of 
crystal violet by this fungus. Identification of the metabolites indicated the sequential 
N-demethylation of the parent compound. Decolorization of crystal violet proceeded 
in both ligninolytic and nonligninolytic cultures suggesting that in addition to the 
lignin-degrading system, another degradation mechanism of crystal violet existed in 
this fungus. Besides crystal violet, six other triphenylmethane dyes could be also 
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degraded by the lignin-degrading system of P. chrysosporium. 
Cripps et al. (1990) demonstrated the degradation of the heterocyclic dye, 
azure B by P. chrysosporium. The decolorization was the most extensive in 
ligninolytic cultures but substantial decolorization also occurred in nonligninolytic 
cultures. 
Biodegradation of crystal violet was also found in oxidative red yeast 
(Kwasniewska, 1985). After 4 days incubation, no trace of crystal violet could be 
observed in the cultures of Rhodotorulae sp. and Rhodotorulae rubra. 
For the xanthene dyestuffs, monohalogenated fluoresceins were reported to be 
degraded to fluorescein in rats. Rhodamine B was converted to 3',6'-disminofluoran 
through stepwise de-ethylation in the liver cell microsomes (Clarke and Anliker, 
1980). 
VI. General properties of indigoid dyes 
Indigoid dyes are important historically. Indigo itself is one of the oldest 
known dyes. The earliest records of use of indigo could be traced back to the valleys 
of the Tigris, the Euphrates, the Indus and the Nile. Indigo is a kind of natural dye. 
A large number of plants are for the production of indigo. Those in the genus 
Indigofera are the most valuable (Lynn, 1985; Trotman, 1970). Nowadays, indigo is 
the only natural dye which retains the same importance as a textile dye although its 
production has been taken over by chemical synthesis. 
1 9 番 潘 中 文 大 帶 陶 n 碗 水 
After the synthesis and commercial production of artificial alizarin in 1889， 
it was obvious that the synthesis of indigo would be an immediate target for dye 
chemists. By 1870, the first small quantity of indigo was produced in the laboratory 
of two German chemists, Engler and Emmering. The chemical structure of indigo 
was later worked out by Baeyer in 1883. Numerous processes have been developed 
for the artificial synthesis of indigo but that of Haumannf and Pfleger is one of the 
widely used processes. Aniline is reacted with chloracetic acid to give phenylglycine 
and ring closure is effected using metallic sodium and ammonia to form indoxyl 
which by condensation and oxidation gives indigo (Fox and Pierce, 1990). 
Indigo imparts an attractive blue colour and natural look to the fabric. The 
resulting dyed material retains a rich, pleasant and beautiful blue colour to the end 
of the life of even the most vigorous used garment. It is doubtless why indigo dyed 
jeans and denims are still popular and held in high esteem by todays's young 
generation. 
The general properties of indigo are summarised as follows: 
(a) Solid is a dark blue powder possessing a copper-red iridescence. 
(b) Insoluble in water, alcohol, ether and dilute acid 
(c) Low solubility in most organic solvents such chloroform, aniline. 
(d) Can be crystallized from chloroform, nitrobenzene, aniline and certain other 
solvents. 
(e) In a sealed tube, it melt at 390-392 to a purple-red liquid which decompose 
rapidly. The sublime vapour is fiery red with a violet tinge. 
(f) Combined with mineral acid to give salt, but easily decomposed by water. 
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When the dye is suspended in acetic acid, benzene or chloroform and react 
with dry HCl gas, the salt is formed and dissolved readily in these solvents. 
(g) React with strong alkaline and produce a green powder. 
(h) Strong oxidation agents such as nitric acid or chromic acid can separate the 
two indole fragments with the formation of isatin. 
(i) reduction by ferrous sulphate and alkaline produce indigo white. Somewhat 
soluble in boiling water, alcohol and ether with yellow colour. 
� alkyl and acyl derivatives can also be produced. 
(k) Under ozonation, indigo react to form isatin and isatoic anhydride (Grosjean 
et al, 1988). 
(1) The benzene ring can be substituted by sulfuric acid, halogen and nitro 
derivatives. Preferences for entry in position 5 > 7 > 4 . Many other dyes have 
been derived from these derivatives. These derivatives are more water soluble. 
One of these is the indigo-5,5'disulfuric acid (indigo carmine). This is highly 
soluble in water (1 gm per 100 ml water) and is blue in colour. Thus, it is 
suitable for use as testing agent for the study of microbial degradation of 
indigoid compounds. 
Indigo carmine is used as dye, in a functional kidney test, in colouring nylon 
surgical sutures. It is also used as reagent for the detection of nitrate, chlorate 
and in testing milk. It is an approved dye for use in food and ingested drugs. 
However, it was showed to be mutagenic in some test system (Table 1). 
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Figure 2: Chemical structure of indigo (A) and indigo carmine (B). 
2 2 • - - - - - - — 
Table 1 : Table showing the mutagenic, carcinogen and clastogenic effects of indigo 
carmine in different test system, (modified from Roychoudhury and Giri, 
1989) 




Rat embryo cells + 
Bone marrow cells of mice + 
CHO cells in vitro + 
Human lymphocytes -
Allium cepa + 
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Indigo is originally extracted from plants. However, the production of indigo 
from microorganisms was firstly reported in 1928. A strain of Pseudomonas 
indoloxidans was found to produce indigo from indole. Subsequent study (Oshima et 
fl/.，1965) revealed that indoxyl was an intermediate of the reaction and the 
hydroxylation of indole to indoxyl was catalysed by an oxygenase. 
Sebek and Jager (1962) reported another strain of Chromobacterium violaceum 
which also produce indigo under particular conditions. This strain normally produced 
violacein from indole. However, rapid lyophilization of washed cells would 
inactivates enzymes of the violacein pathway and indole was metabolized to indigo. 
Indoxyl was a likely intermediate in the reaction. 
With the rapid development of genetic engineering, DNA fragment encoding 
the synthesis of indigo have been cloned. Ensley et al. (1983) had cloned a fragment 
of plasmid NAH7 from Pseudomonas putida PpG7 and expressed in Escherichia coli. 
Indigo was formed in the cultural medium. The formation of indigo is enhanced in 
the presence of tryptophan or indole. It was suggested that indigo formation was due 
to the combined activities of tryptophanase and naphthalene dioxygenase (Figure 3). 
The naphthalene dioxygenase coding genes was then cloned by Kurkela et al. (1988) 
based on their ability of converting indole to indigo. The coding region for this 
enzyme activity was sequenced and three successive open reading frames were found. 
The corresponding gene products were identified and all were necessary for the 
enzyme activity. 
Keil et aL (1987) had cloned the entire operon coding for the enzymes 
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- •‘ Indole 
Indigo . H . 
I Air I j Spontaneous ] 
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O cis-lndole-2.3-dlhydrodlol 
Figure 3: Proposed pathway for indigo biosynthesis in a recombinant 
strain of E. coli. Indole is formed from tryptophan by 
tryptophanase, a natural enzyme in E. coll. Naphthalene 
dioxygenase formed by expression of the cloned Pseudomonas 
DNA oxidizes indole to indigo, cis-2,3-Dihydroxy-2,3-
dihydroindole and indoxyl have not been isolated. Their 
inclusion is based on the known activities of aromatic 
hydrocarbon dioxygenases and established mechanisms for the 
chemical synthesis of iirdigo. (Ensley et al, 1983) 
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responsible for conversion of toluene to benzoates from TOL plasmid pWW53. A 
central region of 2.9 kbp complemented an xylA (xylene oxygenase) mutant of P. 
putida mt-2 and was capable of converting indole to indigo when transformed into E. 
coli and P. putida. This reaction was due to monooxygenase. It was proposed that the 
region encoded xylene oxygenase activity capable of direct monohydroxylation of 
indole to 3-hydroxyindole which then spontaneously dimerized to form indigo. 
Mermod et al. (1986) found that E. coli cells containing a cloned fragment of 
P. putida TOL plasmid pWWO produced indigo. The xylA gene was reponsible for 
this phenotype. Indole was shown to be a precursor in the reaction. Wu et al. (1989) 
used Pseudomonas sp. S13 harbouring naphthalene degradation plasmid as donor and 
E. coli as recipient. Conjugants and transformants with the plasmid were obtained. 
They were able to synthesize indigo in the medium. The production of indigo was 
increased in the presence of tryptone or indole. Indigo formation was enhanced if the 
bacteria was grown in a medium supplemented with either 0.1% of naphthalene or 
1% of salicylic acid. 
V n i . Indigo as dye in Hong Kong 
Textile industry is one of the major industries in Hong Kong and denim 
products has a big share of the market. Therefore, there is an abundant quantity of 
indigo imported into Hong Kong for textile use (Figure 4). During the manufacture 
process, considerable amount of indigo escapes into the environment. Sewage from 
the dyeing factories contains a high level of different dyestuffs. This situation is easily 
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Figure 4: Annual imports of indigo to Hong Kong 
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as Tsuen Wan and Kwai Chung. 
In 1988，there is altogether 70 tonnes dyestuffs wastes. This huge amount of 
waste undoubtedly causes an environmental problem and should receive much 
attention. In recent years, the Environmental Protection Department (EPD) considered 
much more seriously about the measures of counteracting the pollution problems in 
Hong Kong. In 1989, EPD has published the 'Draft Waste Disposal Plan for Hong 
Kong‘(Environmental Protection Department, 1989). In this report, land-fill and 
incineration are still two major waste disposal methods for Hong Kong. However, 
their disadvantages have been thoroughly evaluated. New alternative methods are 
urged to develop for effective waste treatment. 
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IX. Purpose of study 
The majority of the studies in the biodegradation of dyestuffs has been focused 
on the azo dyes while other dyes classes especially the insoluble dyes such as indigo 
and sulphur black are neglected. However, the production of these dyes is also 
abundant. As in Hong Kong, indigo is an important dye used in textile industry and 
at the same time, an environment problem has been caused by the disposal of 
untreated dyeing wastewater. Facing the challenge of exploring a new ground in 
biological research as well as meeting the need of the society, this project is 
launched. 
Since there is extensive dumping of indigo into the environment during the 
past years, there should be microorganisms evolved to degrade indigo. The present 
research is based on this rationale and by using indigo carmine as an model 
compound of the indigoid dyes, try to achieve the following goals: 
I. Isolate indigo degrading strains from the polluted environment and then 
identify them. This step will be a breakthrough since for the past 20 years, no 
literature had reported any microbial degradation of indigoid dyes (Figure 5). 
n . Optimise the growth and decolorization ability of the isolated degrading 
strains. 
III. Extraction and identification of the degradation products so as to establish the 
metabolic pathway of indigoid dyes by these strains. 
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MATERIALS AND METHODS 
I. Preliminary studies on the stability of indigo carmine 
A. Chemical tests: 
To 2 ml of 25 ppm indigo carmine solution , 0.1 ml of the following reagents 
was separately added. Reactions were allowed to proceed for 1 hour and then 
the absorbance of the reaction mixture were measured at 609nm : 
1. Acid 
---strong hydrochloric acid (ION) 
2. Reducing agent 
---iron powder in dilute hydrochloric acid (IN) 
3. Oxidizing agent 
---perchloric acid (70%) 
B. Heat stability test 
Indigo carmine solution was autoclaved at 121°C, 16 Ib/in^ for 30 minutes� 
Both the solutions before and after treatment were scanned from 200-700 nm 
by using Beckman Du-7 spectrophotometer. The two profiles were compared 
to look for any differences. 
C. Light sensitivity test 
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A flask containing 50 ppm indigo carmine in distilled water was left on the 
bench. The flask was illuminated by natural dark and light cycle. After 48 
hours, the absorbance of the solution was measured at 609nm to detect any 
change in the intensity of the colour. 
n . Standard curve of indigo carmine 
To prepare serial dilutions of indigo carmine solution from 50 ppm. The 
absorbance of the dilutions at 609nm were measured. The absorbance was 
then plotted against the concentration to construct a standard curve for indigo 
carmine. 
m . Isolation of indigo carmine degrading bacteria 
Soil samples were collected at two industrial sites in which dyeing 
factories were concentrated and the surrounding environment was severely 
polluted by dyestuffs. These sites included Ho Chung and Tsuen Wan. The 
collected soil samples were first suspended in water. Serial dilutions were .• ‘ 
prepared and then plated on the Isolation Medium (I.M.). 
Composition of the I.M. : tryptone (Difco) 10 g/1，yeast extract (Difco) 1 g/1, 
ammonium chloride (Merck) 1 g/1 and indigo carmine (Sigma) 0.5 g/1. 
The plates were incubated at 3 7 f o r the colonies to grow up. Indigo 
degrading strains were able to form clear halo around the colonies. These 
strains were restreaked on I.M. plates containing indigo carmine to purify the 
strains and to confirm the halo forming ability of theses strains. 
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IV. Identification of isolated strains 
The isolated bacterial strains were identified by fatty acid profile 
comparing method which was performed by Microcheck, Inc. Each isolate 
was subcultured on trypticase soy broth agar (TSBA) to produce enough cells 
for whole cell fatty acids. The bacterial identification system consisted of a 
gas chromatograph with a flame ionization detector, an autosampler, an 
integrator and a computer. The identification system used a five percent 
methyl phenyl silicone capillary column. The bacterial whole cell fatty acid 
extracts was injected into the system. The computer named the fatty acids and 
compared the fatty acid profile of the unknown bacteria to the profiles of the 
7000 strains in the database through the use of software which used covariance 
matrix, principal component analysis, and pattern recognition. 
V. Characterization of batch culture of Micrococcus sp. H-12 
A. Inducibility of decolorization ability 
Two separate I.M. batch culture were prepared in which one contained 
50 ppm indigo carmine whereas another was free of the dye . 1 % inoculum 
of overnight culture was added to the two cultures respectively. The cultures 
were incubated at 37°C shaking at 200 r.p.m. for 24 hours. Bacterial cells 
from these two cultures were centrifuged at 10,444 x g for 15 minutes and 
then washed with 50 mM phosphate buffer (pH 7.0)�Finally，the cells were 
resuspended in equal volume of 50 mM phosphate buffer. 
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The decolorization ability of the resting cells was determined according 
to the following assay conditions : 
O.IM Phosphate buffer (pH 7.0) 0.5 ml 
500 ppm indigo carmine 0.1 ml 
resting cells 1.0 ml 
The reaction mixtures was made up to 2 ml with distilled water and 
incubated at 37°C for 1 hour. At the end of incubation, the cells were spinned 
down by microfuge for 2 minutes. Amount of indigo carmine left was 
determined by the absorbance of the supernatant at 609 nm. 
B. Growth and decolorization kinetics in indigo carmine 
H-12 was grown in I.M. containing indigo carmine in a rotatory shaker 
(New Brunswick Scientific Co.) at 37°C，200 r.p.m. for overnight. 1% 
inoculum was then added to fresh IM medium containing 50 ppm indigo 
carmine. The same incubation condition was applied as the above. 
At certain time intervals, aliquots of culture were taken out. The cells 
were spinned down by microfuge for 2 minutes. The supernatant was saved 
for the assay of indigo carmine level. The bacterial cells were washed with 50 
mM phosphate buffer (pH 7.0) once and finally resuspended with phosphate 
buffer of original volume. 
Growth was monitored by the absorbance of the resuspended cells 
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solution at 650 nm. Indigo carmine level was assayed by measuring the 
absorbance of the supernatant at 609 nm. Decolorization of indigo carmine 
was determined according to the following calculation : 
Percentage Initial Absorbancy - Absorbancy at Time t 
of = 
decolorization Initial Absorbancy 
C. Effect of Temperature on growth and decolorization of the bacterial 
culture. 
1% inoculum of overnight culture of H-12 was added to two flasks 
containing 50 ppm indigo carmine. The cultures were incubated at 30°C and 
37°C shaking at 200 r.p.m. respectively. Growth and decolorization of indigo 
carmine were monitored by the methods described above. On the other hand, 
H-12 colony was streaked on I.M. plates and incubated at 55°C. The plates 
were observed after 48 hours for any growth. 
D. Effect of pH on growth and decolorization of the bacterial culture. 
H-12 was grown in I.M. containing 50 ppm indigo carmine. The pH 
of the cultures were adjusted to 6.0，6.5，7.0, 7.5 and 8.0 respectively by 
0.05M K2HPO4/KH2PO4 buffer. All the cultures were incubated at 3 7 � C 
shaking at 200 r.p.m. Growth and decolorization of indigo carmine were 
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monitored by the methods described above. 
E. Effect of aeration on the growth and decolorization of the bacterial 
culture. 
Two flasks containing LM. with 50 ppm were prepared. One was 
shaken at 200 r.p.m. whereas another was kept at static condition. One 
percent inoculum of overnight culture of strain H-12 was added. Both of them 
were incubated at 37°C. At certain time intervals, aliquots of cultures were 
taken out. Growth and decolorization were monitored by the methods 
described above. 
F. Decolorization of indigo carmine under anaerobic condition. 
Colony of strain H-12 was streaked on LM. plates containing indigo 
carmine. The plate was put in anaerobic jar in which anaerobic condition was 
kept by Oxoid gas generating kit. The plates were incubated at 37°C for 48 
hours. Ability to decolorize the dye could be indicated by clear halo around 
the colonies. 
G. Effect of carbon source on the growth and decolorization of the bacterial 
culture. 
Strain H-12 was grown in LM. containing 50 ppm indigo carmine. One 
percent of various carbon sources were supplied to the bacterial culture to 
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replace tryptone in the I.M. The carbon sources being studied included 
glucose, tryptone, acetate, citrate and soluble starch. The cultures were 
incubated at 37°C shaking at 200 r.p.m. Growth and decolorization were 
monitored by the methods described above. 
H. Utilization of indigo carmine as carbon source. 
In order to determine whether indigo carmine could serve as carbon 
source for strain H-12, the bacterial cells were grown in I.M. free of tryptone. 
The composition of the modified I.M. was: ammonium chloride 1.0 g/1 and 
yeast extract 1.0 g/1 supplemented with 50 ppm of indigo carmine. A control 
was set up in which no indigo carmine was added. 
The two cultures were incubated at 37°C，shaking at 200 r.p.m.. At 
certain time intervals, aliquots of cultures were taken out for measuring 
growth and decolorization. 
I. Utilization of indigo carmine as nitrogen source. 
In order to determine whether indigo carmine could serve as nitrogen 
source for strain H-12, the bacterial cells were grown in I.M. with glucose in 
replace of tryptone. The composition of the modified I.M. was: glucose 1 % 
and yeast extract 1.0 g/1. 50 ppm indigo carmine was added initially and at the 
24th hour. A control was set up in which no indigo carmine was added. 
The two cultures were incubated at 37°C, shaking at 200 r.p.m,. At 
certain time intervals, aliquots of cultures were taken out for measuring 
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growth and decolorization. 
J. Inhibitory effect of indigo carmine to the growth and decolorization of the 
bacterial culture 
Strain H-12 was grown in I.M. containing 10，25, 50, 100，200 and 
500 ppm indigo carmine respectively. The cells were incubated at 37°C 
shaking at 200 r.p.m. At certain time intervals, aliquots of culture were taken 
out. Growth and decolorization of indigo carmine were monitored by the 
methods described above. For the cultures containing indigo carmine greater 
than 50 ppm, the supernatant was diluted 10 folds before measuring 
absorbance. 
fjL (free) - /x (dye) 
% inhibition = x 100 % 
fjL (free) 
fji (free).. = specific growth rate when the culture was free of dye 
IJL (dye) = specific growth rate in the presence of dye 
VI. Characterization of resting cells of Micrococcus sp. H-12 
In order to study the effects of temperature, pH and aeration on the 
decolorization ability of strain H-12 resting cells, the resting cells were 
prepared as outlined below : 
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Preparation of resting cells 
H-12 was grown in I.M. containing 50 ppm indigo carmine. Culture 
was incubated at 37°C for 24 hours. The bacterial population was at the 
Stationary phase then. Cells were harvested by centrifugation at 10,444 x g for 
15 minutes. Cells were washed once with 50 mM phosphate buffer and finally 
resuspended in it. These adapted resting cells were ready for the following 
experiments. 
Assay condition 
0. IM phosphate buffer (pH 7.0) 0.5 ml 
500 ppm indigo carmine 0.1 ml 
resting cells 1.0 ml 
Reaction mixture was made up to 2 ml with distilled water. The 
reaction mixture was incubated for 1 hour. Afterwards, The absorbance at 609 
nm was measured to determined the decolorization level. 
A. Effect of incubation temperature 
Resting cells were prepared by the methods described above. The 
reaction mixtures were incubated at various temperature : 4，15，25, 30，37， 
50 and 60°C. After one hour incubation, the absorbance was measured. 
B. Effect of incubation pH 
40 
Resting cells were prepared by the methods described above. Buffers 
at appropriate pH were used instead of the phosphate buffer whenever 
necessary. The reaction mixtures were incubated at various pH : 3，4，5，6， 
7，8，9 and 10. Buffers that had been used were: 
pH 3-5 citrate buffer 
pH 6-7 phosphate buffer 
pH 8-10 borate buffer 
After one hour incubation at 37°C，the absorbance was measured. 
C. Effect of aeration 
Resting cells were prepared by the methods described above. Two 
separate reaction mixtures were prepared. One reaction mixture was shaken 
at 200 r.p.m. whereas another was kept at static condition. After one hour 
incubation at 37°C, the absorbance was measured. 
Vn. Decolorization by cell-free extract 
In order to locate the origin of the degrading enzymes i.e. exo-enzymes 
or endo-enzymes, strain H-12 was grown in I.M. containing 50 ppm indigo 
carmine. Culture was incubated at 37°C. Cells were then harvested. The time 
for cell harvest was critical. It was the best between 15 and 20 hours. The 
supernatant was fitered through 0.22/1, millipore filter paper to remove any 
bacterial cells and then saved for later assay� 
On the other hand, the cells were washed twice with 50 mM phosphate 
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buffer and then disrupted by French press. Cell-free extract was obtained after 
the cell debris was removed by centrifugation at 12,062 x g for one hour. 
Both the original culture supernatant and the cell-free extract were 
assayed for enzymatic activity. The assay system was described below: 
0.1 ml phosphate buffer (pH 7.0) 0.5 ml 
500 ppm indigo carmine 0.1 ml 
One ml supernatant or cell-free extract was added to the reaction 
mixture and the final volume was made up to 2 ml with distilled water. The 
mixtures was incubated at 3 7 f o r one hour. Absorbance at 609 nm was 
measured at the end of incubation. 
V m . Identification of degradation products of indigo carmine 
A. Preliminary analysis by spectrophotometric method 
Adapted bacterial cells of strain H-12 were prepared by inoculate 
single colony into I.M. containing indigo carmine. The culture was incubated 
at 37°C shaking at 200 r.p.m. for 24 hours. One percent overnight culture 
was then inoculated into fresh I.M. containing 50 ppm indigo carmine. The 
same incubation condition was applied as above. At certain time intervals, 
aliquots of cultures were taken out. The aliquots were scanned from 200 nm 
to 700 nm and their profiles were compared. 
B. By thin layer chromatographic method 
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Strain H-12 was grown in modified LM. containing : glucose 1%, 
ammonium chloride 1.0 g/1, yeast extract 0.2 g/1 and 50 ppm indigo carmine. 
The culture was incubated at 37°C shaking at 200 r.p.m. Complete 
decolorization occurred after 24 hours. Then the cells were spinned down by 
centrifugation at 8000 r.p.m. for 15 minutes twice. The supernatant was 
subjected to lyophilization by VirTis Lyophilizer for 48 hours. The residue 
was extracted by 20 ml methanol for three times. Finally, the degradation 
products from 10 mg indigo carmine in 60 ml methanol was obtained. The 
extracted materials were spotted on TLC aluminium sheets precoated with 
silica gel 60 F254 (Merck) and using pure methanol as the mobile phase. 
Degradation products were checked by observation under both short and long 
wavelength ultra-violet light. 
C. Determination of chemical structures of the degradation products. 
In order to determine the chemical structures of the degradation 
products, they were purified by silica gel column (Figure 7). A mixture of 
degradation products was prepared by growing strain H-12 in modified LM. 
containing indigo carmine and extracted by the methods described above. For 
each time, 15 ml extracted materials was mixed with about 0.5g silican gel 
and the methanol was completely removed by the rotatory evaporator. The 
extracted materials were coated on the silica gel and then loaded in a column 
of silica gel 60 (230-400 mesh) (Merck) of 35 cm in length and 1.5 cm in 
diameter. Pure methanol was used as the mobile phase. The flow rate was 
adjusted to 2.5 ml per 5 minutes. Fractions were collected for every 2.5 
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i m 
Figure 7: Experimental setup of silica gel column for the purification of 
� the degradation products of indigo carmine. 
J 
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minutes ( 1.25 ml). The fractions so collected was checked by UV to locate 
the components. Purified components were then subjected to chemical analysis 
of nuclear magnetic resonance (NMR) and mass spectrometry. 
- K . 
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RESULTS 
I. Preliminary studies on the stability of indigo carmine 
Indigo carmine was stable in all the chemical tests. After one hour incubation 
with ION hydrochloric acid, iron powder in dilute hydrochloric acid (IN) and 
perchloric acid (70%) respectively, there was no observable change in the intensity 
of the blue colour by naked eye. The final reaction mixtures were further subjected 
to the measurement of absorbance at 609 nm. The results did not indicate a significant 
change. 
For the heat stability test, indigo carmine was found to be very thermostable. 
Three peaks appeared in the scanning profile of the aqueous solution of indigo 
carmine, they were at about 200, 280 and 609 nm (Figure 8). The peak 609nm would 
be routinely used for the measurement of the concentration of indigo carmine in later 
experiments. When the scanning profiles of 200-700 nm before and after the 
treatment were compared, it was found that this dye remained unchanged in terms of 
the number, positions and the magnitudes of the peaks. The two patterns were 
essentially the same. Therefore, indigo carmine was sterilized by autoclave when 
necessary in subsequent experiments. 
The solution of indigo carmine was left on the bench and exposed to light for 
48 hours. The absorbance after 48 hours remained the same as the original 
absorbance. So the literature description of light sensitivity of indigo carmine is not 
a serious problem in our studies. 
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n . Standard curve of indigo carmine 
The standard curve was constructed from 0-50 ppm corresponding to 
absorbance of 0-2.0 at 609 nm (Figure 9). Within this range, the concentration and 
the absorbance at 609 nm obtained a nearly perfect linear relationship. Thus, the 
degree of decrease in the absorbance at 609 nm could directly reflect the extent of 
drop in the dye concentration. Furthermore, this curve was referred in the 
calculations of indigo carmine content when necessary. 
i n . Isolation and identification of indigo carmine degrading strains 
From the soil samples collected from the polluted environments of Ho Chung 
and Tuen Wan. Ninety-one strains had been isolated, 40 strains from the waste water 
of Pollux Dyeing Factory，Ho Chung and 51 strains from the China Textile plant, 
Tsuen Wan. Most of them are bacteria except three are fungi. The isolated strains 
were able to form halo on the I.M. plate supplemented with 0.5% indigo carmine. 
These strains were also effective in decolorizing indigo carmine in liquid medium. 
The decolorization ability of these strains were further tested by comparing the 
size of the halo formed and the rate of decolorization in the liquid medium. Finally, 
six bacteria strains with the highest performance in the decolorization of indigo 
carmine were chosen for identification. 
The identification was done by the method of comparing the fatty acids profile 
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Figure 10: Halo formation by strain H-12 on I .M. plate supplemented with 
0,5 g/1 indigo carmine. 
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Figure 11: Decolorization of indigo carmine by strain H-12 in liquid 
medium : 
(A) Initial appearance of I .M. supplemented with 50 ppm 
indigo carmine. 
(B) Culture after 24- hours incubation with cells of strain H-
12 removed. 
: (C) : I .M. without treatment for comparison. 
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Figure 12: Fatty acids profiles of the identified strains, (A) H-8 (B) H-12 
(C)，H-15, (D) K-8. ， U ， 
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Figure 13: Fatty acids profiles of the identified strains. (A)T-24 50mg (B) 
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(Figure 12&13). Isolate K-8 and H-12 were identified as Micrococcus species. Isolate 
T-24 and T-26 were Bacillus species. In order to identify the Bacillus species, it was 
necessary to run two cell mass. The other two strains, H-15 and H-8，were 
Agrobacterium and Bacillus respectively. 
IV. Characterization of the batch culture of Micrococcus sp. H-12 
A. Inducibility of decolorization ability 
When the culture was supplied with indigo carmine during incubation, the 
adapted cells could decolorize 25.3% of dye in the assay (Table 2). However, i f the 
culture was free of dye, the bacterial population would be non-adapted to the dye and 
the cells could only decolorize 6.3% of indigo carmine consequently. There was 
about four fold difference in the decolorization ability between the adapted and non-
adapted resting cells. 
B. Effect of temperature 
When comparing the growth curves of strain H-12 in 30。C and 37°C，it was 
found that strain H-12 had a slightly higher specific growth rate in the log phase at 
37°C than 30°C (Figure 15). Thus, it built up its population more quickly and 
reached the stationary phase earlier. It took about 15 hours in 37°C and 25 hours in 
3(rC respectively. However, the final bacterial population at the stationary phase did 
not have a significant difference. They differed only in the rate of establishing the 
population. With respect to the decolorization rate, culture in 37°C was found to be 
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Table 2 ： Comparison of the decolorization ability of the resting cells of strain H-12 in 
culture of with (+ ) and without (-) indigo carmine. 
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more efficient. The time for 50% decolorization at 37°C was 14 hours while 16 hours 
at 30°C. Nevertheless, the decolorization could proceed to complete elimination of 
the dye at the end of the experiment. 
On the other hand, strain H-12 had no observable growth on the I .M. plate 
at 55°C. It was unlikely to be thermophilic. 
C. Effect of pH 
In the range of pH 6.0-8.0，pH 6.5 was the optimum for the bacterial growth 
(Figure 16，Table 3). In this pH, the bacterial population obtained the highest specific 
growth rate (0.3822 hr^), the greatest final cell density (absorbance of 1.2437 at 650 
nm) and shorter time to decolorized the dye (time for 50% decolorization = 9 hrs.). 
Strain H-12 grew more poorly at more alkaline pH and was the worst in pH 8.0. 
There was two fold difference between pH 6.5 and 8.0 in the specific growth rate and 
final cell density. The time for decolorization was greatly hindered at pH 8.0 (time 
for 50% decolorization = 16 hrs.). 
D. Effect of aeration 
Growth of strain H-12 was much more extensive in shaking culture than static 
one (Figure 17)。The final cell density in static culture was about one-fifth of the 
shaking one. It was 0.2223 in absorbance at 650 nm in the static culture compared 
with 1.0781 in shaking culture. However, the decolorization ability of the static 
culture was superior to the shaking one. The maximum specific activities of the static 
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Table 3 ： Effect of pH of cultural medium on the growth and decolorization of indigo 
carmine by strain H-12. 
pH fjL t, D % left DecoL 
tb 
(hr-i) (hr.) (A s^onJ (%) (hr.) 
6.0 0.3164 20.5 0.9800 0 11 
6.5 0.3822 1.2437 0 9 
7.0 0.3630 10.5 1.0327 0 10 
7.5 0.3380 10.5 0.7796 0 13 
8.0 0.1909 15.5 0.5657 9.7 16 
jjL 二 specific growth rate 
ta = time for 50 % growth of the bacterial population 
D = cell density at stationary phase 
% left == percentage of dye remained at the end of the experiment (36 hrs.) 
DecoL tb = time for 50% decolorization of indigo carmine 
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Figure 17: Growth and decolorization of indigo carmine by strain H-12 in 
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62 
culture was six times that of the shaking one. In the static culture, the maximum 
value was about 130. Furthermore, the peak of maximum activity appeared at 
different times under these two conditions. It appeared at the mid-log phase of the 
static culture but at early stationary phase of the shaking culture. Nevertheless, both 
cultures could decolorize the dye completely at the end of the incubation (24 hrs.). 
E. Growth and decolorization under anaerobic condition 
Strain H-12 was able to grow under anaerobic condition. After 48 hours 
incubation, colony was formed on the I .M. plate. Halo was observed around the 
colony. However, upon standing in the air, the halo gradually disappeared and 
returned to the original blue colour of indigo carmine. 
F. Effect of carbon sources 
Among the five carbon sources being studied, tryptone was the best carbon 
source for use by strain H-12 in terms of final cell density (Figure 18，Table 4). 
Glucose gave rise to the greatest growth specific growth rate (0.3748 hr^) but the 
final cell density was about the same as starch. Strain H-12 utilized the organic salt 
as carbon sources much less efficiently. It could only grow to 0.2443 (absorbance at 
650 nm) after 48 hours by utilizing acetate and there was only very limited growth 
in the case of citrate. 
Decolorization of indigo carmine followed the same trend of the growth. 
Decolorization was the most rapid (time for 50% decolorization = 12 hrs.) when 
• 
I 香 艰 中 文 大 平 闹 食 偷 從 • I 
1 Q一 ' 。 、 〇 、 丨 — ^ ——100 
\ • - • - O ——•一• — 30 
0 」 L 眷 - 6 0 
/ 仏〇 A. GLUCOSE 
/ \ - 40 
0.01务一鲁 〇 
\ 〇 \ - 20 
0.001 1 1——〇~~~Q 0 0 
fc Voo 
1 - U \ 〇 ^ • • — — • 
〇 . • - 80 
〇.l h , • 广 、 ^ - 50 ‘ 
0 〇、 B. TRYPTONE 
/ 〇 -1 40 I 〇.0T - 、〇 1 
Z \ 〇 、 。 -20 
— 0 . 0 0 1 L 1 1 9 O Q ^ ^ . W. 
2 ^ ^ ^ ^ — V o o 之 
^ 〇 、 《 r • “ 、 - 80 < 
• ^ 〇」- \ - 50 . 
/ O-O Cd： 
K \ C. STARCH 丄n 
^ 0.01 〇 \ 
g 〇 \ o S 
^ 0.001 j- i L_ ！ y 0 G^  
i f ^ ^ ^：： ^ ^ ~ V 。 0 o 
D. CITRATE - 8 0 ^ 
.。:1 - - 6 。 . . ： 
“ ^ 會 . — - 4-0 
••、••: - 20 
〇.〇01丄. 丨 ~ ~ ‘ I——^ 0 
— roo-
1 — 、〇、0 E. ACETATE 
. 0.1 - - 60 
梦、 〇 
"0.01 / • • \ 〇 ， 
•、• - - 20 
0 . 0 0 1 ^ ！ 1 1 0 ‘ 
0 10 20 30 4-0 
TIME OF INCUBATION ( h r . ) 
Figure 18: Effect of carbon sources on the growth and decolorization of 
indigo carmine by strain H-12. 
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In each case, 1% ^of the corresponding carbon source was 
supplied. 
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Table 4 ： Effect of carbon sources on the growth and decolorization of indigo carmine 
by strain H-12. 
Carbon /x t^  D % left DecoL 
tb 
source (hr.]) (hr.) (A 650nJ (%) (hr.) 
glucose 0.3748 13.5 0.7274 4.3 14 
tryptone 0.3182 11.5 1.1073 3.9 12 
starch 0.2742 14.5 0.7713 7.1 16 
citrate N.D. N.D. 0.0191 48.9 36 
acetate 0.1527 25.0 0.2443 31.7 26 
fi = specific growth rate 
ta == time for 50 % growth of the bacterial population 
D = cell density at stationary phase 
% left = percentage of dye remained at the end of the experiment (36 hrs.) 
DecoL tb == time for 50% decolorization of indigo carmine 
N.D. = not determined 
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tryptone was supplied as the major carbon source. For citrate, the limited growth 
caused a delay in the decolorization of the culture. After 36 hours, only 50% of dye 
was decolorized. 
G. Substitution effect of indigo carmine for major carbon source 
No major differences with respect to the two growth curves could be observed 
(Figure 19). Since the yeast extract contained in the cultural medium could serve as 
a limited carbon source, there was certain growth in the modified I .M. without the 
dye and tryptone. The addition of indigo carmine caused no obvious difference in the 
growth. At the end of 36 hours, both cultures reached a cell density of around 0.2 
(absorbance at 650 nm). 
Decolorization occurred rapidly during the log phase in the bacterial culture 
but became level off in the stationary phase. At the end of the experiment, 75 % of 
the dye was eliminated by the culture. 
H. Substitution effect of indigo carmine for major nitrogen source 
Bacterial population of strain H-12 could reach a greater final cell density 
when indigo carmine was supplied to replace ammonium chloride (Figure 20). When 
totally 100 ppm of the dye was supplied, the stationary cell density was 0.7341 in 
absorbance at 650 nm compared with 0.595 in the absence of the dye. There was 
18.9% increase in cell density. In the presence of the dye, the bacterial population 
could achieve a faster growth rate at the log phase and finally lead to a greater 
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Figure 19: Substitution effect of indigo carmine to replace typtone in I .M. . 
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Figure 20: Substitution effect of indigo carmine to replace ammonium 
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typtone as carbon source. 
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bacterial population at the stationary phase. 
At the beginning of the experiment, 50 ppm indigo carmine was supplied to 
the culture and was decolorized completely at the first 24 hours. It could be deduced 
from the drop in the absorbance of the supernatant. At the 24th hour, another 50 ppm 
indigo carmine was added. The dye was decolorized very efficiently by the bacterial 
population. There were two cycles of decolorization observed in the incubation 
period. 
I. Evaluation of inhibitory effect of indigo carmine 
The growth of strain H-12 did not seem to be affected significantly by indigo 
carmine up to 500 ppm (Figure 21, Table 5). In the absence of the dye, the specific 
growth rate of strain H-12 was 0.1341 hr i . The specific growth rate at higher 
concentrations of the dye did not have any obvious change. According to the growth 
inhibition calculated, only 4.0% inhibition was observed at 500 ppm. At the same 
time, the final cell densities in various concentrations of indigo carmine were 
essentially the same. 
Although the growth of the bacterial population was not affected by the high 
concentrations of the dye, the decolorization curves were different. The time for 50% 
decolorization increased with the concentration of the dye. At 10 ppm, the time was 
10.5 hours, while at 500 ppm, 20.5 hours was needed to decolorize 50% dye. 
Moreover, the percentage of dye remained in the culture increased at high 
concentrations of indigo carmine. 
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Figure 21: Inhibitory effect of indigo carmine on the growth and 
decolorization ability of strain H-12. 
(A) 0 ppm (E) 100 ppm 
(B) 10 ppm (F) 200 ppm $ 
(C) 20 ppm (G) 500 ppm 
(B) 50 ppm . 
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Table 5 ： Inhibitory effect of different concentrations of indigo carmine on the growth 
and decolorization ability of strain H-12. 
carmine t^  D G.I. % left Decol. 
conc. tb 
(ppm) (hr._i) (hr.) (A ,50nJ (%) (%) (hr.) 
0 0.1341 11.0 1.0436 - - -
10 0.1447 10.5 1.0604 0 5.2 10.5 
20 0.1336 11.0 1.0753 0.4 5.4 11.0 
50 0.1257 11.0 1.1077 2.4 9.6 12.5 
100 0.1437 10.5 1.0526 0 14.6 14.0 
200 0.1360 10.0 1.0026 0 19.2 14.5 
500 0.1287 10.5 0.9679 4.0 41.6 20.5 
= specific growth rate 
ta 二 time for 50% growth of the bacterial population 
D 二 cell density at stationary phase 
G.I. 二 growth inhibition 
[x (no dye) - /z (dye) 
X 100% 
[M (no dye) 
% left = percentage of dye remained at the end of the experiment (24 hrs.) 
Decol. tb = time for 50% decolorization of indigo carmine 
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V. Characterization of the resting cells of strain H-12 
A. Effect of temperature 
In the temperature range of 0-60°C，the resting cells had the highest activity 
at 37。C (Figure 22). At 37。C，26.2% of dye was decolorized. The activity dropped 
readily towards higher or lower temperature. At the highest temperature in this 
experiment, 60°C, the resting cells still remained the activity to degrade 20% of dye 
while activity was the lowest at 4°C at which only 11.0% of dye was decolorized. 
B. Effect of pH 
Study on the effect of pH on the resting cells revealed the optimum pH at 4.0 
(Figure 23). The drop in activity at higher or lower pH was drastic. The 
decolorization activity was low at pH greater than 7.0. At the optimum pH, the 
resting cells were able to degrade 55% of dye. 
C. Effect of aeration 
In both conditions, static and shaking, the activity of the cells was the greatest 
at the first hour (Figure 24). After that, the activity gradually decreased. The static 
incubation did not differ so much from the shaking one. Although it was slightly 
higher at all time intervals, the greatest difference did not exceed 2%, After 6 hours 
incubation, 13.05% of dye was degraded in the static incubation while 11.42% in the 
case of shaking incubation. 
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Figure 24: Effect of shaking on the decolorization of indigo carmine by 
the resting ceils of strain H-12. 
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VI. Decolorization by supernatant and cell free extract 
Supernatant of the adapted bacterial culture was found to contain high 
decolorization abililty towards indigo carmine (Table 6). After one hour incubation, 
about 60% of dye was decolorized by the supernatant. With respect to the cell free 
extract prepared by French Press, no significant activity was observed. Only 1.4% 
of dye was removed by the cell free extract. There was a drastic difference between 
the decolorization ability of supernatant and that of the cell free extract. 
v n . Extraction and identification of the degradation products of indigo 
carmine 
Figure 25 showed the change of scanning profile of 200-700 nm in the cultural 
medium during 24 hours incubation. Two peaks would be observed in the profile at 
about 310 and 610 nm respectively. The peak at 610 nm decreased significantly 
during 24 hours. At the end of the experiment, this peak had disappeared. This 
corresponded to the complete decolorization of the indigo carmine in the cultural 
medium. The peak at 310 nm also dropped during the incubation. However, the drop 
was not so rapidly as that at 610 nm. This absorbance was probably due to the ring 
compounds in the cultural medium. 
When the degradation samples were spotted on the TLC plate using methanol 
as the mobile phase. Two spots were observed (Figure 26). Their Rf values and 
appearance under UV were summarised in the Table 7. There was a great difference 
in their intensities when observed under UV. Spot A was found to be the major spot 
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Table 6 ： Comparison of the decolorization ability of the supernatant and cell free 
extract from the adapted cells of strain H-12. 
percentage of 
control exp't decolorization 
I I I (%) 
supernatant 0.9499 0.5666 59.6 
cell free extract 1.0617 1.0466 1.4 
exp't 二 enzyme preparation added to the reaction mixture 
control 二 distilled water added instead of the enzyme preparation 
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Figure 26: Xerocopy of the result of the separation of degradation 
products on the TLC plate. Left lane - indigo carmine; central 
lane - degradation products of indigo carmine by strain H-12 
(spots A Sc B); right lane - extraction of strain H-12 culture 
、 without indigo carmine added. , 
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Table 7 ： Result of the separation of degradation products of indigo carmine on TLC 
aluminium sheets silica gel 60 F254. 
APPEARANCE UNDER UV 
SPOT Rf 
SHORT LONG 
A 0,67 Absorption fluorescent 
B 0.59 Absorption fluorescent 
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on the plate. These two spots showed absorption at short UV (254 nm) and 
fluorescence at long UV (366 nm). 
The fractions collected after going through the silica gel column according to 
the method mentioned before were spoted on the TLC plates. Spot A was eluted out 
of the column from fraction 33 to 43. However, spot B could not be observed clearly 
on the plate probably due to the low concentration in the preparation. 
The purified spot was analyzed by nuclear magnetic resonance (NMR) and 
mass spectrometry. Figure 27 shows the result of NMR. Peaks A and B were due to 
the target compound. Other peaks corresponded to the solvents such as water, 
methanol and DMSO. Peaks A and B had fallen into the range of aromatic 
compounds and they also represented the presence of two types of proton. 
Figure 28 is the result of mass spectrometry. A number of small molecular 
weight substances were found. These might probably due to the impurities contained 
in the extraction solvent. In spite of these impurities, a distinct peak was recorded 
with a corresponding molecular weight of 149 indicating that the major degradative 
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DISCUSSIONS 
I. Indigo carmine as the model compound 
Among the family of the indigoid compounds, indigo is the most important 
one according to its share in the market and its extensive use as a dye for denim 
products in textile industry. However, as it is an insoluble dye, its extremely low 
solubility in water causes difficulty in studying it at this early stage. Since there is a 
lack of literature about the biodegradation of indigoid compounds, the difficulty grows 
even bigger. The reports on the microbial activity on the indigoid compounds are 
extremely limited. There is not a single reference reporting any micro-organisms able 
to degrade indigo in the on line computer world-wide literature search for the passed 
20 years (1969-1989) and the search for world patent index for the passed 17 years 
(1963-1980). Besides the biosynthesis of indigo, there were several reports about the 
reduction of indigo by Bacillus alkaliphilus. This strain was isolated by Takahara and 
Tanabe (1960) and was tried to reduce indigo in the industry fermentation during the 
dyeing process (Takahara et al., 1961; Takahara et al., 1962; Takahara and Tanabe, 
1962). However, it was not a degrading strain. 
As there is largely unknown about the biodegradation of indigoid compounds, 
it is necessary to choose an indigoid compound that can facilitate the study at this 
very preliminary stage. Among the numerous dyestuff compounds in the indigoid 
family, indigo carmine is an ideal choice. 
Indigo carmine is a derivative of indigo, two sulfonic groups on the parent 
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molecule of indigo at the 5 and 5' positions. However, this minor derivation had 
already rendered it to have a much higher solubility in water (1 gm per 100 ml 
water). But the most important, the substitute groups do not affect the major 
properties of indigo. For example, indigo carmine remains to appear dark-blue 
powder with copper luster as indigo. When dissolved in water, indigo carmine 
solution is blue in colour comparable to the indigo solution when dissolved in organic 
solvent. For many chemical reactions about the indigoid compounds, the chromophore 
is usually involved. Grosjean et al. (1988) had studied the ozone fading of some 
indigoid compounds including indigo, dibromoindigo, thioindigo and 
tetrachlorothioindigo. Results showed that the mechanisms were just the same 
regardless of the derivatives on the parent molecules since the reaction was 
determined by the chromophore. As the derivatives on indigo carmine do not affect 
the chemical structure of the chromophore, chemical reactions of indigo carmine 
should resemble those of other compounds in this dye class. 
In addition to a model compound, indigo carmine has its own significance for 
studies. Indigo carmine CfD&C Blue No.2) was permitted for food use from 1907 
with a safe level for man of 181 mg/day). Past reports of the food dyes claimed that 
indigo carmine had no mutagenic effect on Salmonella typhimurium (Auletta et al.， 
1977; Brown et aL, 1978) and Sacchawmyces cerevisiae (Sankaranarayanan and 
Murthy, 1979). But, more recent studies discover that indigo carmine is mutagenic 
to mammalian and plant system. Roychoudhury and Giri (1989) had showed the 
mitotic aberrations of Allium cepa caused by indigo carmine while sister chromatid 
exchange in bone marrow cells of mice was demonstrated by Giri and Mukheijee 
(1990). Table 1 has summarised the results of the mutagenic, carcinogenic and 
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clastogenic effects of indigo carmine in different test systems. 
In Japan, researches were done on the treatment of indigo carmine wastes by 
activated carbon (Tamura et al” 1987a; Tamura et al.’ 1987b; Tamura et al., 1988). 
Now, we are trying a different way to solve the same problem --- biodegradation. 
n . Isolation and identification of the degrading strains 
The isolation of degrading strains from the polluted environment has become 
a common practice for environmental microbiologists to sort out desirable strains to 
degrade particular compound (Idaka et al,, 1978; Ogawa et al.’ 1988; So, 1989). The 
polluted environment has provided a selective pressure for the desirable degrading 
strains. Therefore, it is a simple method for isolation by direct screening from the 
contaminated soil or water samples. In this study, the same rationale and methodology 
has been employed. 
On the other hand, the use of continuous culture is another useful tool to 
develop novel degrading strains. By varying the substrate concentration in the 
continuous culture and allowing sufficient time for the genetic exchange between the 
individuals in a mixed culture, we can develop strains with different substrate 
specificity. Kulla (1981) had successful developed stains which were able to degrade 
carboxylated orange I and carboxylated orange n respectively in the continuous 
culture. The original strain was able to degrade 4,4'-dicarboxyazobenzene only. 
For the isolated strains in the study, most of them are showed to be Gram-
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positive. Among the six strains that have the greatest degrading activity, all of them 
are Gram-positive except H-15. There are three Bacillus and two Micrococcus strains. 
The indigo reducing strain isolated by Takahara and Tanabe (1960) was also a 
Bacillus species. We do not know whether there is a correlation between Gram-
positive strains and the microbial activity on the indigoid compounds. It is too early 
to draw a conclusion now since there are still too few stains reported. 
i n . Characterization of the batch culture 
The decolorization ability of strain H-12 was inducible. This can be shown 
from the great difference between the decolorization ability between adapted and non-
adapted bacterial population. The inducibility may imply an inducible enzyme system 
which is expressed when the substrate is present. However, it is not known whether 
this is co-metabolism or a specific enzyme system really exists for the degradation of 
indigoid compounds in strain H-12. The dye, indigo carmine may share some 
structural similarity with the normal substrate to cause the co-metabolism since it does 
not contain artificially constructed bonding. On the other hand, as this strain was 
isolated from the environment highly polluted with indigo, a specific system may have 
evolved to degrade such compounds. 
Strain H-12 has better growth at 37°C than 30°C but no growth at 55°C. It 
is not surprising to know that it is not thermophilic since the environment for the 
isolation is not at a temperature high enough to favour the thermophilic strains. 
However, many strains inhabit in the natural environment usually have their optimum 
temperature for growth at 30°C but strain H-12 achieves better growth and 
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decolorization ability at 37°C. 
With respect to pH, the growth of strain H-12 is the best at pH6.5. The effect 
of pH can cause a significant influence in the bacterial population. Strain H-12 is 
more susceptible to alkaline pH than acidic pH. Significant decrease in specific 
growth rate and final cell density are observed when the pH of the cultural medium 
shifts up to pH8.0. The decrease in both cases is two fold when compared with those 
at optimum pH6.5 for growth. 
The effect of aeration is quite different for different strains on the degradation 
of dyestuffs. For some strains, e.g. Aeromonas hydrophila var 24B had a rapid 
elimination of azo compounds in shaking culture than static one but the extent of 
elimination is small (Idaka et al., 1978). There was also considerable growth in the 
shaking culture. In this study, strain H-12 was able to achieve a greater rate of 
decolorization in the static culture as well as obtained the same extent of 
decolorization as the shaking one although its cell density was much lower in the 
static condition. Strain H-12 developed a much higher specific activity when in static 
condition. This phenomenon is especially preferable in the sewage treatment process. 
Energy can be saved because no aeration is required and the small cell mass 
generated during the process has simplified the waste disposal of sludge. 
Strain H-12 can decolorize indigo carmine under both aerobic and anaerobic 
conditions. When it is incubated under anaerobic condition, halo is formed but return 
to blue colour shortly after being exposed to air. This is not the case under aerobic 
condition. Halo appears under aerobic condition is stable and would not revert. This 
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may imply that the decolorization of indigo carmine under anaerobic condition is 
carried out in another different pathway. Mostly probably, indigo carmine is reduced 
into leuco compound under anaerobic condition. Reduction would occur when indigo 
carmine serves as an electron acceptor. The leuco compound is trapped and 
accumulate. As in the case of azo dyes, anaerobic pathways frequently come to a 
metabolic standstill (Meyer 1981). The products are accumulated in the system. In 
aerobic condition, the molecule of indigo carmine is split down and hence, the 
reversion is impossible. 
Strain H-12 has an absolute requirement for yeast extract for growth. Attempt 
had been made to grow strain H-12 in normal minimal salt medium but failed. 
Therefore, there is difficulty to test whether indigo carmine can serve as carbon or 
nitrogen source for growth. Because of this, we bypass the difficulty by modifying 
the I .M. and look at the effect of indigo carmine on growth of strain H-12 when the 
major carbon or nitrogen source is removed but substituted by the dye. 
In the test of removing carbon source, tryptone was replaced by indigo 
carmine. We cannot see any difference in the growth no matter the dye is added or 
not. It can be deduced that indigo, carmine cannot promote the bacterial growth by 
serving as extra carbon source to replace tryptone which is a rich carbon source. 
According to the chemical structure of indigo carmine, it contains two nitrogen 
atoms for each molecule. Thus, it is tested for the effect on growth of strain H-12 
when the major nitrogen source, ammonium chloride, is absent from the I .M. . The 
result showed that indigo carmine can promote bacterial growth i f ammonium chloride 
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is not supplied in the culture. The effect on growth is quite evident since 100 ppm of 
indigo carmine can increases the bacterial growth by 18.9%. Probably, this is due to 
the metabolism of the dye into usable nitrogen source for the utilization of the 
population. 
In this study，we can only compare the relative growth. To further confirm 
the above conclusion, we must find out the growth factor needed by this strain and 
derive a minimal salt medium so that the yeast extract can be completely removed 
from the medium. Yeast extract has caused interference to the experiment since it 
alone can serve as carbon and nitrogen sources for limited growth of strain H-12. As 
a result, we cannot obtain an all-or-none growth pattern to distinguish the effect of 
the presence of the dye. We have tried to test for the growth factors required but the 
results are ambiguous. Perhaps, strain H-12 is unable to synthesize more than one 
growth factors. 
Carbon sources are important in affecting the growth and decolorization of 
indigo carmine by strain H-12. Among the carbon sources being studied, glucose is 
the most efficient source for strain H-12 that the specific growth rate is the greatest. 
Glucose has been the central metabolic substrate in the bacterial metabolism. 
However, the highest bacterial concentration was built up when tryptone was 
supplied. Strain H-12 has a better metabolic ability on the complex organic carbon 
source than the organic salt. Strain H-12 can obtain a fairly good growth by using 
starch. This is an exceptional advantage for further development for use in sewage 
treatment. As the dyeing waste water usually contains a high level of starch which 
comes from the textile processes, the ability to use starch can enhance the 
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maintenance of the bacterial population as well as removing starch in the wastewater 
at the same time. Strain H-12 cannot utilize citrate as carbon source efficiently. It 
showed limited growth when citrate was supplied instead of tryptone. The inability 
of strain H-12 to use citrate may be due to the lack of appropriate transport protein 
on cell membrane. Although strain H-12 can utilize acetate for growth, the final 
bacterial population is quite small compared with the complex carbon source. 
The preference for strain H-12 to use complex organic carbon sources may be 
related to the environment from which it is isolated. The original habitat of strain H-
12 is filled with complex organic matter in the dyeing wastewater and the organic 
salts such as citrate and acetate seldom exist. Selection pressure wil l drive strain H-12 
to develop better ability to utilize the complex organic carbon source. This can 
increase the competitive power of strain H-12 for survival among the mixed 
population in the environment. 
The inhibitory effects of dyestuff on activity and growth of microorganisms 
usually occur at a higher dye concentration, but some cationic species especially the 
triphenylmethanes dyes are particularly toxic. Ogawa et al. (1988) had studied the 
growth inhibition of Bacillus subtilis (IF03022) by basic dyes. They found that the 
inhibition effect of txiphenylmethane dyes were evident that less than lQ^mol/1 could 
cause 50% inhibition of growth. It is well known that triphenylmethane has strong 
sterilizing properties. 
Indigoid dyes are not classified as toxic to microorganisms. In a concentration 
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as high as 500 ppm of indigo carmine, strain H-12 does not show any significant 
inhibition in the growth. Its high tolerance is definitely an advantage in the sewage 
treatment process. After incubation for 24 hours, over 90% of dye could be removed 
in the concentration of 50 ppm. When compared with the activated carbon, the 
decolorization by strain H-12 is much economic. The activated carbon is a costly 
material and the recovery after adsorption causes another problem. Decolorization of 
indigo carmine by strain H-12 can simplify the operation. Under static condition, 
strain H-12 can maintain a high decolorization ability but a low cell population is built 
up. This can minimize the need for sludge disposal. Thus, the treatment of indigo 
carmine waste by biodegradation using strain H-12 is a better method than adsorption 
by activated carbon. 
IV. Characterization of the resting cells 
The characterization of the decolorization ability of the resting cells is 
important since immobilization of resting cells is potential to be developed for 
applications with higher efficiency. The cells would be much more stable after 
immobilization and so they can withstand a longer period for use. Moreover, 
immobilization can increase the effective concentration of the bacterial population to 
enhance the rate of degradation. The removal of bacterial cells after the treatment also 
become much easier after immobilization. This can prevent the escape of the bacterial 
cells into the environment to disturb the ecosystem of the surrounding area. 
The studies about the resting cells of strain H-12 showed that they have an 
optimum temperature of 37°C and an optimum pH of 4.0 for the degradation of the 
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dye. The optimum temperature of the resting cells is just the same as the growing 
cells. However, there is a great difference in the optimum pH between the two kinds 
of cells. The resting cells favour a much more acidic pH than the growing cells. The 
explanation may be due to the fact that the optimum pH required for cell growth may 
sometimes deviate from that required for enzymatic activity. During the cell growth, 
the size of the bacterial population is more important in determining the rate of 
decolorization. 
The resting cells of strain H-12 work equally well in both static and shaking 
conditions. The rate of decolorization is the greatest at the first hour in both cases. 
The good performance in the static condition can minimize the cost for aeration and 
thus more economic in sewage treatment. 
For further development, the resting cells can be immobilized into beads 
which may be further packed into column. This column can be effective in handling 
dyeing wastewater. The coloured wastewater can be fed into the column. Removal 
of the dyestuff occurred during the retention within the column. The use of 
immobilized resting cells is better than growing cells. The conditions applied can be 
more stringent since no growth is required. This can increase the flexibility of the 
treatment method. 
V. Decolorization by supernatant and cell free extract. 
The results have demonstrated that the enzymatic activity of decolorization of 
indigo carmine locates in the supernatant of the cultural medium rather than within 
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the cells. The enzymes are thus exoenzymes that secreted out of the cells into the 
cultural medium. Thus, no enzymatic activity can be recorded in the cell free extract 
obtained from the disrupted bacterial cells. We have not determined the enzymes are 
exogenous or endogenous in other five strains being identified yet. Among the five 
strains, 3 were Bacillus species and 2 is Micrococcus strain which are all Gram-
positive. Gram-positive strains especially Bacillus species are known to secrete a 
variety of exo-enzymes. Therefore, there is a possibility that exo- type enzymes 
responsible for the decolorization can be found in these strains. We are not sure 
whether the extracellular nature of the enzymes is correlated with the fact that most 
of the isolated strains are Gram-positive. 
The exo- type nature of the enzymes can facilitate the purification so that the 
further studies on the enzymology of the decolorization can be much more easier. On 
the other hand, the purified enzymes can be subjected to immobilization. Enzymes 
immobilization can prolong the stability of the enzymes than when they exist freely 
in the cultural medium. Furthermore, the efficiency of the decolorization can be 
promoted by increasing the effective concentration of the enzymes. In fact, this 
technology has been tried to be applied in the industrial production of important 
metabolites. 
VI. Extraction and Identification of the degradation products. 
As mentioned before, there is no documentation about the biodegradation of 
any indigoid compounds before. It is a pioneer work on the identification of the 
degradation products of indigoid compounds. 
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We have come across with many difficulty in extracting the degradation 
metabolites. At the beginning, conventional chemical extraction method using 
chloroform and dichloromethane to extract the I .M. after the growth of strain H-12 
was employed. However, due to high content of organic compounds, only the 
components of the complex medium is extracted. 
At the next step, we turned to the use of resting cells. Since there is no known 
degradation pathway of any indigoid compounds reported. We cannot simply match 
the degradation products with the authentic compounds by TLC and HPLC. Instead, 
much greater amount of the degradation products must be gathered for NMR and 
mass spectrometry analysis. However, the degradation by resting cells is not an 
efficient way to achieve the above purpose. 
Finally, we modified the I .M. by reducing the yeast extract to a minimum and 
replacing tryptone with glucose. This modification reduced the concentration of the 
organic compound in the medium and allowed a greater amount of indigo carmine to 
be added for the growing cells to degrade. 
We found that the degradation products cannot be extracted efficiently by non-
polar solvent such as chloroform and dichloromethane but only dissolved in methanol. 
This may probably due to the presence of sulfonic groups to make the molecule much 
polar. 
Two distinctive spots are isolated on the TLC plate. The degradation probably 
involves the cleavage of the molecule of indigo carmine into two products. As in the 
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case of azo dyes, the first step in the biodegradation is the cleavage of the azo 
bonding which is chromophore of the azo dyes. The chromophore is responsible for 
the different colours appeared in different dye classes. Thus, decolorization of the 
dyestuffs probably involves the rearrangement of the chromophore. Then, it is 
expected that the decolorization of indigo carmine requires the breakage of the central 
carbon-carbon double bond. 
According to the intensity of the two spots on TLC, one is the major product. 
This uneven distribution may imply that one of the two compounds have undergone 
further metabolism. 
The results of NMR and mass spectrometry has been compared with some 
possible compounds using the chemical synthesis pathway and common chemical 
reactions of indigo carmine as references. However, none of them can be perfectly 
matched with the results of NMR and mass spectrometry. Therefore, we cannot 
postulate a definite chemical structure of the purified degradation product at the 
present. Nevertheless, the results have shed some light about the degradation 
mechanism. As the compound appears to be aromatic with molecular weight of 149， 
it is likely that the degradation of indigo carmine involves the cleavage of the cental 
carbon-carbon double bond as expected. In order to establish the chemical structure 
of the degradation product, the analysis by ^^ C NMR is required to identify the 




Dyestuffs are classified as recalcitrant compounds that are difficult to be 
degraded. The Colour Index (Allen et al., 1971) lists about 40,000 commercial 
colorants involving 7,000-8,000 different chemical structures. Among the vast number 
of dyestuffs, many of them are synthetic compounds containing novel bonding new 
to the microorganisms. Moreover, as a dye, it has to be stable enough against various 
chemical reactions. Therefore, we should expect to know that many of the dyestuffs 
are difficult to be degraded by microorganisms. 
Indigo is a natural dye in which it does not contain artificial bonding. 
However, its insolubility in water make it difficult for microorganisms to act on and 
hence make it deposit easily on the water courses and sewage pipeline to cause 
environmental problem. The treatment of insoluble dye is a tough work, but these 
dyes are in a large proportion in dyestuff production for various industrial uses. 
Nevertheless, the majority of studies about the biodegradation of dyestuffs are done 
on azo dyes. The study on indigoid compound is completely ignored. 
In this study, some strains with high degradative ability towards indigo 
carmine are isolated. Preliminary studies indicated that they are also effective to 
degrade indigo. Some features of strain H-12 make it advantageous for further studies 
in the development of new sewage treatment method. The features includes the high 
decolorization ability towards indigo carmine, the high decolorization ability of static 
culture, the exo- type nature of the enzymes responsible for the decolorization and the 
ability to use starch as carbon source. 
Coloured effluent from the textile industry and dyestuff factories can be treated 
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by different methods. Yet, most of the operation do not involve biodegradation. At 
the present, physico-chemical and chemical processes is the most commonly used 
method. However, the application of these methods alone cannot achieve satisfactory 
removal of colour from the dyestuff wastes. With the efforts of environmental 
microbiologists, the application of microbial strains to degrade such recalcitrant 
compounds is a plausible way to fulfil the needs. 
Figure 29 has summarised the effectiveness of chemical, physical and 
biological methods in the treatment of different dyestuffs wastes. Biodegradation alone 
is not effective enough to solve the pollution problem of all the dyestuff waste. The 
strategy for further development is to establish a concerted model of treatment process 
combining the advantages of physical, chemical and biological methods. 
Nowadays, the biological treatment methods are mainly focused on the use of 
activated sludge (Idaka et al,, 1985; Kanekar and Samaik, 1991; Robinson, 1989; 
Shaul et al.’ 1991; Urushigawa and Yonezawa, 1977; Yang, 1990). With the 
accumulating knowledge and microbial strains about the biodegradation of the 
xenobiotics, the use of specialized strains is a new direction for investigation. This 
technique has been explored for the treatment of particular type of wastes. This 
approach allows the optimization of the treatment process in specific conditions of 
pollution so as to enhance the handling of particular wastes. On the other hand, the 
specialized culture can be added to the activated sludge to improve its removal 
capability. It can also be a means to maintain the stability of the sewage treatment 
system in case there is a great increase in the concentration of particular type of waste 
in the influent. 
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One of the considerations in the application of biodegradation is the toxicity 
and biodegradability of the resulting products. With the help of the technique in 
genetic engineering, this problem has found new solutions. By genetic manipulation, 
the microbial metabolic pathways can be altered to acquire new catabolic pathway 
(Timmis et al., 1989). Mortlock (1982) had discussed the possibility of obtaining 
novel metabolic pathways through laboratory selection and illustrated with many 
examples. The acquisitions include various enzymatic activity involving 
oxidoreductase, transferase, hydrolase, isomerase and synthetase. 
Microorganisms isolated for the degradative ability of natural or artificial 
compounds often belong to the genus Pseudomonas. Pseudomonas strains are found 
to have extraordinary range of catabolic pathways. Many of the catabolic pathways 
are encoded by a number of plasmids. These degradative plasmids are abundant in 
Pseudomonas species and the majority of them are large (>50 kb). The genetic 
aspect for biodegradation by Pseudomonas has been discussed by Haas (1983). 
Genetic studies of Pseudomonas species has opened the way for plasmid-assisted 
molecular breeding to enhance the emergence of novel degradative strains for 
persistent toxic chemicals. Kellogg et al. (1981) tried to breed microorganisms 
capable of utilizing 2,4,5-trichlorophenoxyacetic acid (a kind of synthetic herbicides) 
by inoculating into a chemostat microorganisms from waste-dumping sites with 
microorganisms harbouring a variety of degradative plasmids such as CAM, TOL， 
SAL, pAC21 and pAC25. Finally, bacterial strains capable of completely degrading 
2,4,5- trichlorophenoxyacetic acid by using it as sole carbon source at high 
concentrations ( > Img/ml) were obtained. 
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Strain H-12 is found to harbour a plasmid of about 23 kb. It is not yet 
determined whether the degradative ability resides on this plasmid or chromosome. 
However, it is expected that through the further genetic manipulation of the 
degradative genes, the degradative ability can be enhanced. 
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